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The List of Symbols 
In the master’s thesis, the following symbols are used: 
U Voltage (V) 
f Frequency (Hz) 
R Resistance (Ω) 
L Inductance (H) 
C Capacitance (F) 
X Inductive reactance (Ω) 
ΔU Voltage drop (V) 
P Active power (W) 
Q Reactive power (var) 
S Apparent power (VA) 
l Length (m) 
  Phase of current relative to voltage (°) 
 
A more accurate description and explanation of the symbols is evident from the figures and 
descriptions in the text.  
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Abstract 
Voltage control is usually performed with an on-load tap changing transformer (OLTC). The 
OLTC’s controller gets voltage measurement values from the point of regulation. Based on 
those values, it sets the correct tap position, so the voltage is within predetermined limits. 
When the distance between voltage measurements and the transformer is long, there is a 
chance that a fault may occur during data transmission, so we no longer know voltage 
values at the regulating point. That means the controller cannot set the correct tap position. 
The goal of the research was to find options for voltage control when we lose the connection 
to measured voltage values. 
We analysed home and foreign literature. That showed two different approaches that we 
tried: line drop compensation and calculation of the voltage drop. We also tried what we call 
the PQ method. 
Line drop compensation and calculation of the voltage drop neglect capacitance in most 
cases, which, in our model, causes too much deviation from the voltage value we want to 
have at regulation point. 
From the chosen methods, the PQ method showed us accurate and adequate results. 
 
 
Key words: voltage drop, Ferranti effect, power flow, line drop compensation 
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Razširjen povzetek 
Regulacija napetosti z regulacijskimi transformatorji je potrebna, kadar imamo kombinacijo 
dolgega kabla in spremenljivega bremena. V tem primeru se pojavi drugačna napetosti pri 
bremenu, kot jo imamo na začetku prenosa. Spremenjena napetost lahko povzroči 
nepravilno delovanje strojev, večje izgube in posledično tudi izklop električnega napajanja 
bremena, v primeru da napetost prekorači določeno mejo. 
Primeri dolgih prenosov po kablu so značilni za naftne ploščadi, ki so napajane iz 
elektroenergetskega sistema z obale. V takih situacijah električno energijo prenašamo po 
dolgem kablu do naftne ploščadi – bremena. Takšen prenos je ponazorjen v našem modelu. 
Regulacijo napetosti smo izvedli z dvema regulacijskima transformatorjema na obali, ki 
imata optično povezavo do meritev napetosti na bremenu. Na podlagi teh meritev se 
spreminjajo prestavni odcepi, ki zagotavljajo bremensko napetost v 99 %–101 % mejah 
nazivne napetosti. 
Problem nastane, če se komunikacija z meritvami napetosti na bremenski strani prekine. 
Regulacija napetosti se ustavi na trenutnem prestavnem odcepu in se ne spremeni kljub 
morebitni spremembi bremena. Da do tega ne bi prišlo, je potrebno raziskati možnosti 
regulacije, kadar ne poznamo napetosti na bremenu. 
Model 
Model, ki smo ga uporabili v magistrski nalogi (Slika 1), je sestavljen iz treh delov. Na eni 
strani imamo proizvodnjo oz. dobavo električne energije (obalni del), ki smo jo ponazorili s 
togo mrežo. Za transformacijo na 100 kV sistem poskrbita dva transformatorja z 
regulacijskimi odcepi. Na 100 kV zbiralko imamo priključena statični var kompenzator in 
kompenzacijski dušilki, elemente, ki kompenzirajo jalovo moč. Dobavo in porabo električne 
energije povezuje dolg kabel. Na morski strani pa imamo spremenljivo breme. 
Sprememba napetosti 
Kadar proizvodnjo in spremenljivo porabo povezuje dolg kabel, lahko pride do spremembe 
napetosti med začetkom in koncem kabla, ker enkrat breme zahteva velik tok, naslednjič 
manjši. Poznamo dva pojava spremembe napetosti: padec napetosti in Ferrantijev efekt. 
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Pri padcu napetosti lahko že iz imena razberemo, da je napetost na koncu kabla – pri 
bremenu, manjša kot pa na začetku – pri proizvodnji. Ta pojav povzročijo izgube na 
upornosti. 
 
Slika 1: Model napajanja naftne ploščadi 
Ferrantijev efekt pa je ravno obraten pojav. Zaradi majhnega bremena, oz. če bremena ni, 
pride do dviga napetosti. Do pojava pride zaradi dveh lastnosti kabla: induktivnosti in 
kapacitivnosti. Kadar velik kapacitivni tok (večji od bremenskega toka) teče skozi reaktanco, 
pride do dviga napetosti. 
Tako lahko dobimo višjo oz. nižjo vrednost napetosti pri bremenu. Če pa želimo, da bodo 
naši stroji delovali pravilno, moramo regulirati napetost tako, da bo pri bremenski zbiralki 
napetost v tolerančnih mejah.  
Za regulacijo v našem modelu skrbita transformatorja z regulacijskimi odcepi. 
Transformatorja prestavljata odcepe na podlagi meritev napetosti pri bremenu 
(N1_offshore). Če je napetost izven 99 %–101 % nazivne napetosti, reagirata in prestavita 
razmerje transformacije tako, da je napetost pri bremenu spet v določenih mejah. 
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Naša naloga je bila, da raziščemo različne možnosti regulacije v primeru, če se povezava 
med meritvami napetosti in transformatorjem izgubi. V takšnem primeru ne vemo, kaj se 
dogaja na bremenski strani modela in transformatorja ne moreta več regulirati napetosti na 
podlagi meritev na bremenski zbiralki. 
Metode 
Pregled domače in tuje strokovne literature je pokazal na dva pristopa: kompenzacija padca 
napetosti in izračun padca napetosti. Preizkusili pa smo tudi metodo, ki ji pravimo PQ 
metoda. 
Kompenzacija padca napetosti 
Metoda kompenzacije padca napetosti deluje na podlagi modela prenosnega voda (Slika 2). 
Sestavljata ga upornost R in reaktanca X, ki sta v merilu z vrednostmi prenosnega voda. V 
model preko transformatorjev vsilimo proporcionalno napetost in tok iz prenosnega voda. 
Ker vemo, v kakšnem razmerju je model s prenosnim vodom, lahko iz padca napetosti na 
modelu izračunamo padec napetosti na prenosnem vodu. 
 
Slika 2: Model za kompenzacijo padca napetosti 
Rezultati simulacij in izračunov so nam prikazali odstopanje simulirane napetosti na koncu 
voda in napetosti, ki jo dobimo iz modela voda. Razlog za odstopanje smo videli v 
zanemarjenju kapacitivnosti pri modelu voda, ki ima pri dolgih vodih in zlasti pri kablih veliko 
vlogo. Ker ta model ne upošteva kapacitivnosti, pride do prevelikega odstopanja dobljenih 
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napetosti. Na podlagi rezultatov smo ugotovili, da metoda kompenzacije padca napetosti za 
naš problem ni primerna. 
Izračun padca napetosti 
Druga metoda, s katero smo se lotili problema, je izračun padca napetosti. Med seboj smo 
primerjali štiri različne enačbe pri dolžinah kabla od 10 do 160 km. 
Na sliki (Slika 3) vidimo dobljene rezultate. Svetlo modra krivulja prikazuje simuliran padec 
napetosti. Zadovoljiv rezultat izračunanega padca ne bi smel odstopati za več kot  0,5 % pri 
dolžini 160 km. 
Opazimo lahko, da so enačbe pri manjših dolžinah bolj zanesljive. Z večanjem dolžine pa se 
veča tudi odstopanje enačb. Želenemu rezultatu se je najbolj približala enačba 4 (0,93 % 
odstopanja od simuliranega padca napetosti pri 160 km), ki pa je ni mogoče uporabiti, ker je 
del podatkov, ki jih enačba potrebuje, z bremenske strani omrežja. Teh vrednosti pa ob 
prekinitvi komunikacije ni mogoče zagotoviti. 
Rezultati vseh štirih enačb so preveč odstopali, še posebej pri dolžini 160 km. Ker enačbe 
ne povzemajo vseh lastnosti prenosnih vodov, ne moremo izračunati padca napetosti dovolj 
natančno za naš primer. 
 
Slika 3: Rezultati simulacij in izračunov padca napetosti 
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PQ metoda 
Metoda temelji na simulacijah, opravljenih, ko je povezava med transformatorjema in 
meritvami napetosti vzpostavljena. V teh pogojih naredimo tabelo s podatki o pretoku moči 
na začetku kabla pri različnih bremenih in dodamo podatke o različnih odcepih, ki jih dobimo 
pri teh bremenih (Slika 4). Ko povezave ni več, preverimo predhodno narejeno tabelo in 
poiščemo pretok moči na začetku kabla in ta nam pokaže, kateri odcep pripada takim 
vrednostim pretoka. 
 
Slika 4: PQ metoda 
Ugotovili smo, da lahko s PQ metodo nastavimo ustrezen odcep, kadar nimamo povezave z 
bremensko napetostjo. Transformatorska regulatorja bi lahko s pomočjo tabel zagotovila 
napetost na bremenskem delu v predpostavljenih mejah 99 %–101 %. 
 
 
Ključne besede: padec napetosti, Ferrantijev efekt, pretok moči, kompenzacija padca 
napetosti 
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1 INTRODUCTION 
The need to transmit electric energy over long distances has become more important than 
ever since practically every machine needs electricity to operate. There is not always an 
option to produce electric energy exactly at the place of consumption. Many different kinds 
of overhead lines and cables enable transmission. With transmission of electric energy also 
comes the need to overcome natural obstacles. Depending on the terrain, economic ability 
and other factors, we decide on what kind of transmission line we can use. When it comes to 
undersea transmission, our choices are reduced. The use of cables for transmission over 
sea is the best solution we have so far. 
In the cases of the long transmission cable and changing load, we get voltage change along 
the cable. This shows a need to regulate load voltage. Examples of long transmission with 
cables are offshore oil platforms, which are supplied from shore. Because of the difference 
in voltage, voltage control has to be performed. 
In our case, voltage regulation is done with on-load tap changing transformer (OLTC). The 
OLTC’s controller gets voltage measurement values from the point of regulation. Based on 
those values, it sets the correct tap position, so the voltage is within predetermined limits. 
When the distance between voltage measurements and the transformer is long, there is a 
chance that a fault may occur during data transmission, so we no longer know the voltage 
values at regulation point - load. 
We researched for options to control voltage in the case of a lost connection with 
measurements. 
The Model 
 
Figure 1: Simplified model of the network 
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For this master’s thesis, we chose a model of a network that we divided into three sections. 
We have onshore electricity production and offshore electricity consumption. The connection 
between the two is a 160 km-long cable. The model represents the supply of electric energy 
to the oil platform offshore. Figure 1 represents a simplified model of the network. 
The constantly changing load, together with the characteristics of the transmission line, 
causes voltage change along the line. This phenomenon is more noticeable with longer 
transmission lines. Voltage along lines can either drop or rise. To supply the offshore load 
with constant voltage, voltage regulation is needed. The goal for this model is to provide the 
load with voltage within the limits of 99 % - 101 % of nominal voltage. 
Voltage control 
In order to control voltage, two on-load tap changing transformers onshore are used. 
Because of the weight and space limitations on the platform, voltage regulation onshore is 
performed. The controllers regulate voltage based on the measurements of voltage at the 
offshore load. If the voltage is outside the 99 % - 101 %    limits, the controller gives the 
command to change the tap position of the transformers, so the voltage is within the 
obligatory limits at the offshore load. 
Voltage measurements 
To acquire the data of the voltage offshore, the connection has to be established with 
offshore platform measurements of the voltage. The optic cable can be implemented in the 
transmission cable for the transmission of data. 
It can happen that a fault occurs in the optic cable and for some reason, the OLTC controller 
does not get any data for the measurements. In this case, we cannot know if the voltage 
offshore is still within obligatory limits. How can voltage be regulated accurately if the 
communication between the controller and the measurements is lost? This was the main 
topic of the thesis. We tried to find a solution that would help us regulate voltage in case of a 
lost connection to the measurements of offshore voltage. 
During our research, we found a few possibilities that are used for voltage control: the 
calculation of the voltage drop and the line drop compensation. Because of limited options, 
we also wanted to try our own PQ method. With the research, we wanted to figure out which 
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of the proposed methods would work best as a solution for our problem with the lost 
connection. 
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2 NETWORK DESCRIPTION 
The following is a description of the elements which are used in the presented model of our 
power system (Figure 2), and it is explained how the network operates. There are three 
main sections in the model that we named: onshore, cable and offshore. Onshore network is 
the connection between a strong grid (e.g. the grid of a whole country) and a long cable. In 
this part of the network, there are some elements that compensate reactive power and the 
cables that connect them to the grid. But our focus is on the two main transformers with tap 
changers. 
 
Figure 2: Model of the network 
They transform the voltage level of the network from 300 kV to the lower cable voltage of 
100 kV. This cable presents a long distance connection between onshore and offshore. 
Through this link, electrical energy is supplied to the offshore load. The offshore network 
does not have any generators, just the load and transformers, which transform voltage level 
from 100 kV to 11 kV. The load, which is on the 11 kV voltage level, consumes the electrical 
energy provided by the onshore power system. The whole electrical network operates with 
the frequency of 50 Hz. 
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2.1 The External Network Equivalent 
The electrical grid of a big electrical system is presented in the model with the external 
network equivalent. This element is used for illustrating a strong grid with a big short circuit 
power. Short circuit power is the maximum power that a network can provide when a fault 
occurs. The strength of the grid depends on the selected power. In our case, we used the 
largest short circuit power that is allowed in the program. This way, the network gets as 
much power from the strong grid as it needs. That means that any change (e.g. short circuit 
fault, different loads…) in the modeled network will not have an effect on the stronger grid. 
In other words, the network behind the external network equivalent cannot be influenced by 
short circuit faults or by any other event in our network. 
When the load is connected to the network in reality, a short voltage sag is detected. To 
make the model more realistic, we added the impedance       between the external 
network equivalent and the busbar (N1_onshore) that the equivalent is connected to. This is 
how the voltage sag is illustrated in the model. If we did not add impedance, the voltage on 
the busbar would always be 100 %   . Impedance is presented with a cable on which the 
voltage drop occurs. In this way, we get 2400 MVA of short circuit power on the busbar 
(N1_onshore). 
2.2 Onshore Transformers 
The voltage at the load may not be within the required limits because of the frequently 
changing power flow (i.e. frequently changing loads). The transformer data are shown in 
Table 1. 
Rated Voltage Side 1 300 kV 
Rated Voltage Side 2 100 kV 
Rated Apparent Power 80 MVA 
Vector Group DYN11 
Controller Node Side 2 
Min. Tap Position -16 
Max. Tap Position 16 
Add. Voltage per Tap 1,25 % 
Controlled Node N1_offshore 
Table 1: On-load tap changing transformers data 
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We can adjust the voltage at the regulation point by modifying the voltage at the beginning 
of the line. That is possible with the tap changing transformer, which regulates the voltage in 
relation to the measurements of the voltage, in our case, at the end of the line at the load 
busbar - N1_offshore in Figure 2. 
There are two tap changing transformers in our network, as we can see in Figure 2. Each of 
them has a tap range from -16 to 16, each tap changing voltage with a tap size 1, 25 %   . 
Voltage has to be regulated, so the voltage on the load busbar (N1_offshore) will be 
between 99 % and 101 % of the nominal voltage   . 
2.3 The Shunt Reactor 
The shunt reactor can influence voltage in the network. With compensation of reactive 
power, hence reducing any losses, it increases the power system performance. That way, 
the shunt reactor keeps the voltage within nominal values. If the need for generating 
reactive power increases and the shunt reactor provides it, the operating point moves closer 
to the maximum deliverable power [6]. The shunt reactor data are shown in Table 2. 
Network Level 100 kV 
Rated Apparent Power 50 MVAr 
Table 2: Shunt reactor data 
There are two shunt reactors in the network influencing the reactive power. 
2.4 The Static VAR Compensator 
This device can quickly maintain the voltage at the busbar that it is connected to. Owing to 
its capability of fast reaction, it contributes an important part in voltage stability [6]. The SVC 
data are shown in Table 3. 
Capacit. Reactive Power 50 Mvar 
Inductiv. Reactive Power 50 Mvar 
Table 3: Static VAR compensator data 
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2.5 The Cable 
The only link between two networks, the supply (Onshore network) and the consumption 
(Offshore network), is a long cable. The cable data are given in Table 4. 
Cable 
Resistance r 0,0893 Ω/km 
Reactance x 0,1565 Ω/km 
Capacitance c 0,1664 µF/km 
Length l 160 km 
Table 4: Cable parameters 
2.6 Offshore Transformers 
Transformers offshore transform the voltage to a lower value. They do not have a tap 
changer. The transformer parameters are given in Table 5. 
Rated Voltage Side 1 100 kV 
Rated Voltage Side 2 11kV 
Rated Apparent Power 42 MVA 
Vector Group YND11 
Table 5: Transformer data 
2.7 The Load 
In the offshore network, there is a load that is supplied from the electric energy provided by 
the onshore external network equivalent. The load changes, depending on the situation we 
want to simulate. Nominal load values are P= 50MW and Q=25Mvar. 
2.8 The Operation of the Platform 
Electrical energy, provided from the external network equivalent, supplies the entire 
network.  
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The main focus of this thesis is on the two transformers with tap changers on the secondary 
windings, which react based on the measurements of the voltage at the load busbar. Keep 
in mind that these measurements are performed on the load side of the network. 
Transformers and the load are connected with a long cable. Because of the impedance and 
capacitance of a long transmission line, we can get a high change in voltage called the 
voltage drop, or we can have the voltage increase (the Ferranti effect) at the end of the 
cable. It depends on the load if there is a drop or an increase at the end of the line. The 
phenomenon will be more thoroughly explained later. The problem occurs when the voltage 
change is so big that the voltage at the end of the cable is outside the obligatory limits. 
Here is where the tap changing transformers, shunt reactors and static VAR compensators 
are important. They all contribute some part in compensating the voltage drop. The 
combination of these elements helps to decrease voltage changes during the operation of a 
power system. 
When the load is changed, for example, when there is a bigger demand, a voltage drop 
occurs. The first reaction on the voltage decrease comes from the static VAR compensator. 
As we mentioned before, its main quality is the ability to respond to the voltage change 
quickly. That gives the transformer time to react. The tap changer has a delayed response in 
case voltage would change back to the initial state. If it does not change back in time, the 
tap changer adjusts the ratio of the transformer to the new conditions of the consumption. 
When the transformer changes the ratio, the static VAR compensator does not need to 
participate anymore. It returns back to the former state that allows it to react again if there is 
a requirement for compensation. The static VAR compensator serves as a reserve in case 
of a repeated voltage deviation. 
If we assume that control of the voltage deviation by these elements is not possible anymore 
for some reason, there would be a voltage breakdown resulting in the disconnection of the 
equipment and it would eventually lead to the interruption of the supply. 
We now recognize the importance of the tap changing transformers, shunt reactors and 
static VAR compensators in the investigated electric power system. 
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3 VOLTAGE ALONG LONG TRANSMISSION LINES 
One of the main elements for distributing electricity is a transmission line. This is the vital 
part that connects the generation and consumption of electrical energy. We can use either 
overhead lines or cables for this purpose. Depending on the terrain, conditions and the 
investment we are prepared to make, we choose which one is the best to use. Overhead 
lines are usually used for long distances because they are much cheaper. Nevertheless, 
cables are more convenient in undersea connections and in cities where overhead lines 
would not be appropriate. Cables are more difficult to maintain but they have fewer faults 
because they are not exposed to the weather and environmental conditions. However, it 
takes more time to repair them in case of damaged equipment. The choice between the two 
is based on an economic ability and environmental acceptance. Compatibility with other 
elements of the electrical network must also be considered [1, 2]. 
3.1 Configuration 
Overhead lines and cables have technical and operational properties which we will 
compare. Both transmission lines have the same basic parameters, but the values are 
different because of the different properties of each line. 
3.1.1 Resistance 
The resistance of the transmission line depends on the conductor’s characteristics. The 
lower the resistance, the greater conductivity the line has. The resistance of the lines 
represents real line losses. Resistance depends on the temperature and section of the line. 
The greater the resistance is, the greater the heating. Resistance can be affected by cooling 
the lines [3]. 
3.1.2 Inductance 
Inductance depends on partial flux and external flux linkages, which are created by the 
current’s magnetic field. Inductance depends on the geometry of the transmission line and 
the current that flows through the conductor [3]. 
In transmission line data, we will see inductance (L) presented with reactance (X). 
Equation 1 links the two values. 
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           (1) 
X Inductive reactance (Ω) 
L Inductance (H) 
f Frequency (Hz) 
 
3.1.3 Capacitance 
A potential difference between conductors causes the conductors to charge. This charge is 
represented by capacitance and it largely depends on the position of the conductors and the 
distances between each other. It represents the capacitive load, therefore, in case of the 
inductive load, it compensates the reactive power [1–3]. 
The insulation in overhead lines is easier to deal with than in cables. They hang in the air 
and have enough space, so the insulation is not a problem even with high voltages because 
air is the insulator. But in cables, which have limited space, the insulation has to be thinner. 
This is the reason why cables have a higher capacitance than overhead lines. Cables are 
also surrounded by shields and other metallic parts, which also contributes to greater 
capacitance [1–3]. 
3.2 The PI Model of Transmission Line 
With the equivalent PI circuit, we present one phase of the transmission line with its 
parameters. There is resistance (R), inductance (L) and capacitance (C), as we can see in 
Figure 3. 
 
Figure 3: PI model of a transmission line 
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Capacitance is divided on both ends of the line in equal parts. 
3.3 The Voltage Drop 
When the transmission line operates, it is usually under load. Because of the current flowing 
through the resistance and reactance of the electrical line, a voltage drop occurs. The 
voltage drop is defined as a difference between voltage at the beginning of the transmission 
line and voltage at the end of that line. The greater the impedance is, the greater the voltage 
drop. Impedance increases with line length and so does the voltage drop. The voltage drop 
also depends on loading; that is, on the current that loads demand [1, 4]. 
If we compare cables and overhead lines of the same length, the voltage drop will be 
greater in overhead lines. The reason for this is the higher capacitance in cables. 
Capacitance causes voltage to rise, as we will explain in the chapter about the Ferranti 
effect [1, 4]. 
 
Figure 4: PI model of the line for voltage drop 
For further explanation of the voltage drop, we will use the PI model of the transmission line 
presented in Figure 4 and the phasor diagram in Figure 5 that belongs to the PI model. 
In the phasor diagram, we can see the voltage drop    that occurs along the transmission 
line. Voltage phasors are drawn with black and current phasors with red. The voltage at the 
end of the cable is    and the load current that belongs to it is   .     is the current that flows 
through the capacitor and is rectangular to the voltage at the end of the line    because    
is also the voltage at the capacitor. The capacitance makes current to lead the voltage by 
90°. We must add     to    to get the current that flows through the resistance and 
inductance   , according to Kirchhoff´s first law.    , which is the voltage drop on the 
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resistance, is parallel to current    because resistance does not change the angle between 
the current and the voltage. The voltage drop on inductance is rotated by 90° before current 
   [5]. 
 
 
Figure 5: Phasor diagram of the voltage drop 
This is how we get voltage drop    on the impedance of the transmission line. The voltage 
at the end of the line    is for    lower than the voltage at the beginning of the transmission 
line    [5]. 
When we have a large load, we need a higher current. A higher current through the cable 
impedance brings us the voltage drop. So it depends mainly on the load whether there is a 
drop or an increase of voltage at the end of the line. 
3.4 The Ferranti Effect 
The Ferranti effect occurs when there is no load or a very small load connected to the 
transmission line. In that case, the capacitive current that flows through the line causes the 
rise of voltage at the end of that line. 
Cables have a greater capacitance in comparison with overhead lines, where we usually 
neglect it. The influence of capacitance in cables is greater and it is not negligible. As we 
know, capacitance is also greater with greater length of the line, so we should consider it in 
long transmission lines [1, 2]. 
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The charging current of the capacitance that flows through reactance results in rising 
voltage. So not only capacitance, but also inductance has to be there to raise the voltage. 
This phenomenon gets more noticeable with a light load or no-load system operation where 
the charging current is higher than the current that loads demand. With this in mind, we can 
notice that the voltage drop in cables is lower than in overhead lines [1, 2]. 
 
Figure 6: Phasor diagram of the Ferranti effect 
In the phasor diagram in Figure 6, which is based on the model in Figure 4, we can observe 
the voltage rise. When the charging current     becomes greater than the current of the load 
    the voltage at the receiving end    will be higher than the voltage at the beginning of the 
cable   . So we see that in some cases, the influence of capacitance is very important and 
it greatly contributes to a change in the voltage level. 
A changed voltage level cannot be a neglected effect. Voltage change is one of the main 
problems in the electrical system, but voltage control is the solution to that. By regulating the 
voltage level of the transmission line, we can sustain the voltage in acceptable limits. 
3.5 The Voltage Level 
In order for equipment to work properly, supplied voltage has to be within predetermined 
range defined by standards. Some deviation is allowed from what, in theory, is supposed to 
be constant effective voltage level – the nominal voltage RMS value. Devices are becoming 
more and more sensitive, but they have to be built to sustain some deviation from the 
nominal voltage level. In this way, devices are compatible with the utility’s obligation to 
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deliver voltage to the consumer within an allowed range. This is one of the main tasks of the 
utility - to present consumers with quality voltage. Moreover, not only standards are 
important. If a project has to be done for costumers, we must also consider their requests. 
Due to the dynamic nature of the electrical system, maintaining voltage within a proper 
range is not simple. Consumption in the system changes regularly, therefore also voltage 
level changes. By constantly observing the changing conditions, we can notice the 
problematic areas where voltage is too high or too low. It is possible to improve the condition 
in these areas and ensure that consumers get an appropriate magnitude of voltage with 
voltage regulation. 
We must regulate voltage especially because undervoltage can cause an overheating of 
induction motors. Meanwhile, overvoltage causes equipment damage or failure and higher 
no-load losses in transformers. It is important to sustain a proper voltage level, so 
equipment does not fail [4].  
The main reasons why the voltage level in the electrical system changes are the 
characteristics of transmission lines and currents that loads demand. Currents from loads 
and impedance of transmission lines cause voltage to change at the end of lines and cables, 
which leads us to voltage regulation. 
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4 VOLTAGE CONTROL OF THE OFFSHORE LOAD 
The main purpose of voltage control is to maintain the voltage within required limits. In our 
case, that will be voltage at the offshore load. 
4.1 Voltage Control 
Based on the simplified model in Figure 7, we would like to explain how voltage control 
works in our model. 
Due to the voltage drop during the high load and the Ferranti effect during low load 
conditions, voltage will vary along the length of the transmission line. By manipulating 
voltage at the beginning of the line, i.e. at the on-load tap changing transformer, we change 
the voltage level that offshore load gets. If there is a rise in voltage, we must lower the 
voltage at the transformer. Furthermore, if there is a decrease in voltage, we must raise the 
voltage output of a transformer. 
 
Figure 7: Simplified model of the network 
We know a few devices that can regulate voltage, but for this project, the transformer with a 
tap changer is used. 
4.1.1 The On-Load Tap Changing Transformer 
The transformer enables the transforming of a lower voltage to a higher voltage, and vice 
versa, with the capability of preserving power alongside the presence of some losses. It is a 
stationary device with no moving parts. The transformer is used to change the voltage value 
for a transmission, since there are lower losses on higher voltage. But near the 
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consumption, voltage is lowered down by transformers to get a proper voltage level for 
electric appliances. 
Some transformers have a fixed ratio, which means that they have primary and secondary 
windings with a certain number of turns which cannot be changed. The voltage change of 
transformers is proportional to the number of turns. Transformers which have a fixed number 
of turns always transform voltage by the same ratio. 
When we have longer transmission lines and a constantly changing load, we have to be 
aware of the changed voltage level along the line. In these situations, we need to use a tap 
changing transformer – the transformer that allows us to change the ratio of a 
transformation. 
There are different kinds of tap changing transformers. The off-load tap changer, for 
instance, must not be under the load if we want to change the ratio of the transformer. It has 
to be de-energized. It is used for long term changes of the voltage level. For instance, where 
the consumption is permanently changed (in growing cities), and we need to adjust the 
transformer’s ratio for a longer time period. But where we have a constantly changing 
consumption, the use of an on-load tap changing transformer is necessary. It can change 
the ratio of the transformer while operating in the power system. 
OLTC can regulate voltage on one side of the transformer by changing the portion of the 
transformer’s winding used for transforming. It captures a bigger or smaller part of the 
winding, depending on the voltage that is necessary to be supplied. For the change, it uses 
taps which divide the winding into different parts. How much winding is used for the 
transformation depends on which tap we use. 
 
Figure 8: Influence of a tap change on voltage 
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The tap changer uses a voltage regulating relay to change the voltage. A set voltage, time 
delay and bandwidth (Figure 8) can be set at the relay. The set voltage is the voltage that 
we want to have at the secondary side of the transformer or, in our case, at the offshore 
load. When the bandwidth is exceeded, the relay gives a signal and the OLTC changes the 
tap position, so the voltage is within limits again. If the bandwidth is wide, the relay will not 
react so often. The reaction of a relay is therefore reduced and the OLTC has a longer 
lifespan. We can use this only if we have a load that can withhold a bigger deviation of 
voltage. Time delay is the time period for the voltage to be outside the bandwidth before the 
relay reacts [4]. 
The OLTC can change taps while the transformer is operating because there is an 
impedance added to limit the short circuit current in the bridging between two taps. The tap 
changer alters the transformer’s ratio on the primary or secondary side, depending on where 
it is located. There are tap positions above and below the nominal voltage. We can use 
lower or higher tap positions, depending on whether we have a voltage drop or voltage rise 
along the transmission line. The number of taps and the step size between taps depend on 
the need of the network. The tap changer range is usually between   10 % and   15 % of 
the nominal voltage [4, 7, 8]. 
4.1.1.1 Tap Changer Control 
In order to set the ratio of the transformer correctly, we need to know how big the voltage 
change is, i.e. how much voltage has changed during transmission. For example, when 
there are many loads, the voltage sag is high, therefore the tap changer has to get the 
command to increase the voltage if the measured voltage stays at the same low level for 
some period of time. If there is a big voltage drop and we set the right ratio, we get a higher 
voltage at the beginning, consequently also at the end of the line. The tap changer acts with 
some delay to prevent constant use of the equipment in case voltage variations are frequent 
and short. 
Voltage measurements are performed at the regulation point. In our case, that will be the 
busbar closest to the load, as we can see in Figure 9. There is an established 
communication between voltage measurements and the tap changer. The information about 
voltage value is sent to a tap changing relay. Beforehand, the range of voltage variation that 
is acceptable on the load busbar is set. The tap changer reacts if reference voltage is 
outside the predetermined range. 
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In the case of parallel operating transformers, as it is in our network, both of the 
transformers must be on the same tap position. With this, we avoid circulating currents and 
consequently, we lower the transformer’s losses. One of the transformers is “master” and 
the other is “follower”. When the tap change on “master” is detected, the other one follows 
that change [3, 4, 7, 8]. 
 
Figure 9: Simplified model of the network with a working communication 
This is how a tap changer with a connection to the measurements works properly. But how 
can the right tap position be set if the communication between the measurements and the 
tap changing relay is lost (Figure 10)? 
 
Figure 10: Simplified model of the network with a lost communication 
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4.2 Alternatives to Tap Changer Control 
Due to a lack of information, the tap-changing controller cannot operate correctly anymore. 
The problem is that the tap position stays the same, although the load can change, as there 
is no measurement. If the load changes while the tap position does not, the voltage at the 
load might not be acceptable. In this situation, we no longer know what is happening with 
voltage values at the load busbar. 
 
Figure 11: Typical voltage regulation concept 
In the usual networks (overhead lines, used to supply industry and households), automatic 
voltage regulation with tap changing transformers is based on the measurements of voltage 
on the secondary transformer side – very close to the transformer connection terminal, as 
shown in Figure 11. When the transformer’s secondary voltage is over the limits, the 
controller changes the tap position. With the measurement of the terminal voltage, the tap 
position can be adequately selected. 
Figure 11 shows how tap changer control is arranged in networks that request voltage 
regulation within the typical voltage band  5 % or  10 % of nominal voltage [4, 8]. 
In our case, the required voltage band is  1 %, shown in Figure 12. Hence, the somewhat 
base voltage control with OLTC, as shown in Figure 11, is not sufficient. Three alternatives 
are investigated: line drop compensation, voltage drop calculation and the PQ method. 
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Figure 12: Model with presented voltage limits 
The alternatives will be presented next. 
4.2.1 Line Drop Compensation 
Line drop compensation uses the model of the transmission line (i.e. line resistance and 
reactance) that is proportional to the real transmission line parameters. By using the 
measurements of the voltage and the current that are properly reduced, we can simulate the 
voltage change in the line, as shown in Figure 13.  
 
Figure 13: Line drop compensation 
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The voltage at the end of the transmission line is proportional to the voltage at the power 
transformer with added voltage across R model and X model – voltage change   . When 
we have this voltage, which reflects voltage at regulation point, it is easy for a controller to 
set the right tap position [3, 4]. 
4.2.2 Calculation of the Voltage Drop 
Calculation of the voltage drop can help us determine voltage at regulation point. We just 
need to add or subtract voltage change from the voltage at OLTC. For calculation of the 
voltage drop, we used four different equations that will be presented in the chapter 
RESULTS AND DISCUSSION. We tested them and compared them to each other, 
observed how accurate they are and how much difference each of the equations make. 
4.2.3 The PQ Method 
This method is based on active power (P) and reactive power (Q), which are closely related 
to voltage. So, a change in voltage can also be seen as a change in active power and 
reactive power, which flow along the cable. 
 
Figure 14: The PQ method explanation 
The idea is to observe P and Q at the beginning of the cable when the communication is 
established. We also observe the tap position. In these circumstances, we set different load 
scenarios. The results gave us a table like Table 6, with different data at each load scenario. 
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Load scenarios 
Power flow at the 
beginning of the 
cable 
Tap 
position 
P (MW) Q (Mvar) P (MW) Q (Mvar) T (/) 
45 27,89 -48,15 79,94 -2 
Table 6: Example of a table 
When the connection with measurements on the load side of our network is lost, we check 
the power flow at the transformer. P and Q at the beginning of the cable, as well as the table 
we made previously, would point us to the correct tap position. 
The method will be explained in more detail example in the chapter RESULTS AND 
DISCUSSION. 
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5 SIMULATIONS 
To test the methods, we used steady state simulations. Although we described the original 
model earlier, we will adopt some changes in our network because the study will be based 
on a steady state. 
Analyzing the network in a steady state means that we can focus on the current state in the 
power system. For the purpose of this thesis, we need simulations based on a load flow 
study. We need to understand that the load flow study is a steady-state study. That means 
we have the results calculated at one operating point and will therefore not be calculating 
any dynamic reactions. A steady state study gives us an insight into the situation in the 
network at a certain point in time. 
5.1 Load Flow Calculations 
A network is built from many different elements, and each one produces, consumes or 
transfers electric energy. It is important to know how the elements influence each other and 
the network. Any changed data causes modification in conditions in the electrical system. 
To learn about the load flow at every element in the network, as well as the magnitude of the 
voltage and its phase angle at each busbar, load flow analysis is used. The power system 
must meet certain criteria to be able to operate without disruption. A load flow study can 
easily show if there has been any overload in the model. Analyzing the power grid with a 
load flow helps to discover optimal characteristics for the elements [9]. 
5.2 Changes in the Network 
Because a dynamic response is not a part of the load flow study, we do not need to 
research the dynamic static VAR compensators’ contribution in the network, as their output 
in a steady state is always zero. Their behavior, due to their quick responses, is important 
for dynamic analyses. For this reason, we will disconnect them from the network. 
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We decided to set shunt reactors to a fixed operating point through all the simulations. The 
main reason for that is the number of simulations we would have to do if we included all the 
possible situations of shunt reactors. 
Although the load is dynamic, we can just use reactive power and active power data since 
there are steady state simulations. We can present the load with constant power load at an 
operating point. 
 
Figure 15: Model with adopted changes 
These are all the changes from the original model we will use in the simulations. 
5.3 The Program 
The program we used for all the simulations is PSS Sincal. The program allows us to 
calculate steady state situations. The elements were set at one operating point for all 
simulations. What we adjusted at each method will be explained later. 
It would be better to have actual measurements, but those were not possible to get. So, we 
presumed that the program PSS Sincal is professional and accurate enough for us to be 
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able to say that the results of the simulations would be close to the real measurements. We 
adopted the results as the reaction we would get from the real elements of the power 
system. 
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6 RESULTS AND DISCUSSION 
The main goal was to establish which method can be used as a backup plan if we do not 
know the measurement values from the distant offshore load. 
We assumed that the only measured values we know, even when the connections with 
measurements offshore are lost, are the values of voltage, current, and reactive and active 
power onshore at the transformer terminal. 
6.1 Line Drop Compensation 
The method is based on the model of the line presented with R and X in a series 
connection. R and X are proportional to the data of the real transmission line we use. The 
model is connected to the network by power transformers. The idea is to insert a voltage 
and current in a proper proportion from a real transmission line to the model. Therefore, the 
current, voltage, and R and X have to be in the correct scale to the real transmission line we 
want to imitate. The goal is to get a voltage drop or voltage at the end of the line from the 
model, and from then on, we should be able to control the tap position of the transformers 
correctly. 
There are a few different possibilities to test this method. The simplest way is to calculate a 
possible voltage drop in the model, and then simulate the network voltage drop and 
compare them. We presumed that the calculation of a voltage drop will be similar to the 
voltage drop in the model of the line. The data of the cable and the model data will be in 
scale 1:1. 
Because in the model of the transmission line, the transmission line is presented with R and 
X, we used an equation that uses both of these characteristics. For the calculation of the 
voltage drop in a model, we will use the equation: 
                           (2) 
This equation is also used in the calculation of the voltage drop (Voltage drop equation 2) for 
the method presented next. 
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6.1.1 Results and Discussion 
Firstly, we simulated two different loads (Table 7) in our network. For the transmission line, 
we used a cable with the data presented in Table 4. 
We observed the current         and the voltage at the beginning of the transmission line 
        and the voltage at the load busbar       – end of the transmission line.  
 
Figure 16: Observed data presented in the model 
Next, we took data from the simulations and the calculated voltage drop, and consequently, 
also the voltage that the model would simulate, and that should be at the load side of the 
line.  
P load Q load 
simulated 
U transf 
simulated 
I transf 
simulated 
U load 
calculated ΔU 
calculated 
U load 
(MW) (Mvar) (kV) (kA) (kV) (kV) (kV) 
0,00 0,00 89,92 0,46 100,21 19,4822 109,40 
50,00 25,00 105,66 0,42 101,04 5,5030 111,17 
Table 7: Comparison of simulated and calculated voltage 
Some of the results are presented in Table 7. They show us the voltage at the load side of 
the line that was simulated. In order to confirm the regulation with line drop compensation, 
the voltages simulated U load and calculated U load should be the same. 
We can notice that the calculations results differ from the simulations with the transmission 
line. We concluded that this method is not acceptable for a solution in our case. The 
difference is too big. We could tolerate a  0,5 % difference. 
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The problem with line drop compensation is that it does not include capacitance, which is 
even more important when the transmission line is a cable, especially when it is long - 
160 km long. 
The results would be different if we simulated the model instead of calculated the result. But 
because the model uses R and X, as well as the equation, we presumed the results would 
be similar. In this case, the equation is a close approximation of the simulated results. 
6.1.2 Conclusion 
For the studied model, the line drop compensation method does not provide us with 
accurate results. 
6.2 Voltage Drop Calculations 
With this method, we calculated the voltage drop with different equations and investigated 
whether any of the equations can be used as a solution; that is, whether these equations are 
reliable enough to help us determine the correct tap position of the transformers onshore 
without the measurements of the voltage offshore. 
We were interested in the reliability of equations, at different lengths and with different 
characteristics of transmission lines. We also wanted to know if the load makes a difference 
for accuracy of the equations. We compared under load and no load conditions. 
Firstly, we calculated the voltage drop for different lengths and different transmission lines. 
We compared the calculations with the results we got from the simulations for the same 
transmission lines. We assumed that the simulated voltage drops are close to the results we 
would get if we measured the values. 
Simulations were done for two different cables and an overhead line. We observed whether 
the equations are more accurate for cables or overhead lines. We also wanted to know how 
much difference there is if capacitance is neglected in the equations. 
How close to the real (simulation) results the equations are can be observe from the 
difference or deviation from the simulated results. 
Every equation and the data we need will be presented next.  
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6.2.1 Voltage Drop Equation 1 
The voltage drop along the transmission line which carries apparent power        can 
be calculated with the equation [1]: 
    
       
    
     
       
    
   (3) 
 
P Active power (W) 
Q Reactive power (var) 
R’ Resistance per line length (Ω/km) 
X’ Reactance per line length (Ω/km) 
    Nominal voltage (V) 
l Length (km) 
 
Voltage drop Equation 1 (Equation 3) uses active and reactive power that changes with the 
load and nominal voltage. From the characteristics of the transmission line, it includes 
resistance, inductance and the length of the line. 
 
Figure 17: Model presenting the needed values for Voltage drop equation 1 
Figure 17 shows the data we need for the calculation and where we need the 
measurements of the data to be taken from. So, we need active and reactive power at the 
beginning of the transmission line - onshore. In the figure, it is also shown that Equation 3 
does not include capacitance directly. 
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6.2.2 Voltage Drop Equation 2 
The equation gives us a line to line voltage drop. We used the    for 3 – phase system [8]. 
                           (4) 
 
I Current (A) 
R Resistance (Ω) 
X Reactance (Ω) 
  Phase of voltage relative to the current (°) 
 
The equation uses current and angle – the phase of voltage relative to the current, 
resistance and reactance from the line’s characteristics. 
 
 
Figure 18: Model presenting the needed values for Voltage drop equation 2 
From Figure 18, we can observe that we need the current and angle. We can get the angle 
from active and reactive power. 
         
 
 
  (5) 
Therefore, measurements of active and reactive power are needed. 
As we can notice, Voltage drop equation 2 also does not include capacitance. 
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6.2.3 Voltage Drop Equation 3 
This equation is used by a company that manufactures tap changers and it is used for 
calculating voltage drops along transmission lines. 
Because we needed phase to phase voltage, we added   . 
                                                   (6) 
 
I Current (A) 
R Resistance (Ω) 
X Reactance (Ω) 
  Phase of voltage relative to current (°) 
 
The equation is divided into two parts – real and imaginary. To calculate the voltage drop, 
we need to use the equation: 
             (7) 
The Voltage drop equation 3 is similar to Voltage drop equation 2. For the calculation, we 
need the same data. 
 
Figure 19: Model presenting the needed values for Voltage drop equation 3 
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6.2.4 Voltage Drop Equation 4 
Equation 8 considers line capacitance. 
                                (8) 
To get    in equation 8, we need two more equations: 
     
       
   
      (9) 
                                 (10) 
Where   is: 
         (11) 
   Current through resistance and inductance (A) 
R’ Resistance per line length (Ω/km) 
X’ Reactance per line length (Ω/km) 
   Phase of voltage    relative to current    (°) 
l Line length (km) 
   Voltage at the load (kV) 
C Capacitance per line length (µF/km) 
   Current through load (A) 
   Phase of voltage    relative to current    (°) 
f Frequency (Hz) 
 
In the voltage drop equation, we have to pay attention to the form of data that is needed for 
the calculation.    has to be in kV and   in µF/km all other data are in basic units. To 
imagine and understand the equation better, there is a phasor diagram in Figure 21 and a 
model for the phasor diagram in Figure 20 to help us [5]. 
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Figure 20: Model for the phasor diagram 
 
Figure 21: Phasor diagram for Voltage drop equation 4 
It is similar to the phasor diagram in Figure 5, the chapter on the The Voltage Drop. In the 
phasor diagram, we can observe all values that are used in Voltage drop equation 4.  
The equation has a disadvantage. For the calculation of the voltage drop, it needs the data 
from the end of the transmission line – offshore, as we can see in Figure 22. So, this 
equation cannot be considered for our project. 
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Figure 22: Model presenting the needed values for Voltage drop equation 4 
Even though this equation cannot be used as a solution because we cannot calculate the 
voltage drop without a connection with the load side, we will still observe its accuracy. We 
were interested in its accuracy because this is the only equation that uses capacitance. 
6.2.5 Results and Discussion 
The presented equations were tested for performance and compared to the simulation 
results. We observed the voltage on the onshore busbar (N2_onshore) and the offshore 
busbar (N1_offshore) in Figure 2. We calculated the simulated voltage drop with equation 
12, which is the difference between voltage at the beginning of the transmission line    and 
the end of the line   . 
                    (12) 
We compared the simulation results at different lengths of the overhead line and cables with 
the calculations of the voltage drop for the same data and observed the difference. 
Simulations with the Load 
Simulations were performed with line lengths from 10 km to 160 km (step size 10 km), but 
the same load of            and              was used, for each of the three 
transmission line cases. 
We intend to present the simulated voltage drop and the calculated ones. If the difference is 
positive, it means there was a voltage drop, and if the difference is negative, there was a 
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voltage rise. For a good result, it would be necessary for the calculated voltage drop to be 
similar to the simulated one. We could tolerate a  0,5 % difference. 
Cable 1 
The results for the simulation and the calculation of the voltage drop with cable data are 
shown in Figure 23. The cable data are in Table 8. 
Cable 1 
Resistance r 0,0893 ohm/km 
Reactance x 0,1565 ohm/km 
Capacitance c 0,1664 µF/km 
Table 8: Data of cable 1 
The cable was designed for 100 kV. 
 
Figure 23: Voltage change with cable 1 and the load 
In Figure 23, the simulated    is the most accurate estimation of the actual voltage drop, 
since a sufficiently detailed cable model is considered. Equations    would have to be close 
to the dark blue curve in order to be close to the results we want to get with the equations. 
Table 9 shows deviations from the simulated results for all the calculations at different 
lengths. The difference from the simulated voltage drop and the calculated voltage drop of 
all the equations is calculated with the equation: 
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                                            (13) 
            
Length 
(km) 
Deviation 
ΔU eq. 1 
(%) 
Deviation 
ΔU eq. 2 
(%) 
Deviation 
ΔU eq. 3 
(%) 
Deviation 
ΔU eq. 4 
(%) 
10 0,15 0,04 0,14 0,00 
20 0,30 0,16 0,28 0,01 
30 0,50 0,36 0,44 0,02 
40 0,75 0,64 0,65 0,03 
50 1,09 1,01 0,94 0,05 
60 1,55 1,46 1,34 0,07 
70 2,17 1,99 1,88 0,11 
80 2,98 2,61 2,61 0,15 
90 3,74 3,26 3,38 0,20 
100 4,98 4,03 4,50 0,26 
110 6,52 4,89 5,90 0,33 
120 7,75 5,74 7,16 0,42 
130 9,86 6,76 9,09 0,52 
140 12,36 7,86 11,38 0,64 
150 14,11 8,88 13,20 0,78 
160 17,32 10,13 16,14 0,93 
Table 9: Simulation and calculation results for cable 1 with the load 
We can notice that in the simulations with cable 1, the most reliable calculations are done 
with Voltage drop equation 4, which includes capacitance. All the other equations already 
make more than a 1% difference at 60 km. 
Cable 2 
We experimented with another cable. 
Cable 2 
Resistance r 0,433 ohm/km 
Reactance x 0,094 ohm/km 
Capacitance c 0,290 µF/km 
Table 10: Data of cable 2 
This cable was made for a 20 kV voltage level. The results are presented in Figure 24. 
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Figure 24: Voltage change with cable 2 and the load 
The table shows us the deviation of the equations: 
Length 
(km) 
Deviation 
ΔU eq. 1 
(%) 
Deviation 
ΔU eq. 2 
(%) 
Deviation 
ΔU eq. 3 
(%) 
Deviation 
ΔU eq. 4 
(%) 
10 0,05 0,04 0,01 0,00 
20 0,06 0,18 0,18 0,00 
30 0,24 0,41 0,27 0,00 
40 0,71 0,74 0,09 0,00 
50 2,04 1,19 0,69 0,00 
60 4,45 1,73 2,29 0,02 
70 7,41 2,35 4,42 0,06 
80 12,51 3,07 8,00 0,16 
90 17,74 3,85 11,80 0,28 
100 26,22 4,70 17,69 0,53 
110 33,93 5,59 23,14 0,80 
120 42,45 6,53 29,08 1,14 
130 56,37 7,47 38,26 1,77 
140 66,91 8,52 45,27 2,28 
150 84,72 9,47 56,39 3,26 
160 104,96 10,40 68,53 4,46 
Table 11: Simulation and calculation results for cable 2 with the load 
In this case, Voltage drop equation 4 is, again, the most reliable one. If we observe the first 
40 km, we see that all the equations are close to the simulated voltage drop. With the length 
increasing, all equations results are getting less and less reliable. 
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The Overhead Line 
The next figure shows how the equations behave if we simulate the overhead line, instead 
of the cable. Our main question was whether they are more reliable with the overhead line 
data or not. We got the data for this line in Table 12 from one of the manufacturers of the 
overhead lines. 
Overhead line 
Resistance r 0,055 ohm/km 
Reactance x 0,333 ohm/km 
Capacitance c 0,013 µF/km 
Table 12: Data of the overhead line 
The line was designed for 200 kV. The results are presented in Figure 25. 
 
Figure 25: Voltage change with the overhead line and the load 
In Table 13, we observe the difference between the simulated voltage drop and the 
calculated voltage drop of all the equations. 
Length 
(km) 
Deviation 
ΔU eq. 1 
(%) 
Deviation 
ΔU eq. 2 
(%) 
Deviation 
ΔU eq. 3 
(%) 
Deviation 
ΔU eq. 4 
(%) 
10 0,72 0,00 0,70 0,01 
20 1,47 0,02 1,37 0,04 
30 2,24 0,03 2,03 0,10 
40 3,02 0,05 2,66 0,17 
50 3,83 0,07 3,27 0,26 
60 4,66 0,10 3,86 0,36 
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Length 
(km) 
Deviation 
ΔU eq. 1 
(%) 
Deviation 
ΔU eq. 2 
(%) 
Deviation 
ΔU eq. 3 
(%) 
Deviation 
ΔU eq. 4 
(%) 
70 5,51 0,12 4,43 0,48 
80 6,51 0,12 4,94 0,60 
90 7,41 0,13 5,46 0,75 
100 8,34 0,14 5,96 0,91 
110 9,27 0,14 6,44 1,08 
120 10,23 0,14 6,90 1,27 
130 10,99 0,20 7,37 1,53 
140 11,73 0,30 7,81 1,83 
150 12,42 0,42 8,21 2,18 
160 13,06 0,61 8,55 2,60 
Table 13: Simulation and calculation results for the overhead line with the load 
Here Voltage drop equation 2 is closest to the simulated voltage drop. 
6.2.5.1 Simulations without the Load 
We simulated different cable lengths, similar to the procedure in the previous chapter, but 
with only one difference. This time, there was no load to draw the current. We expected to 
see a voltage rise. 
Cable 1 
The results are shown in Figure 26. Bear in mind that if the difference is negative, there was 
a voltage rise. 
 
Figure 26: Voltage change with cable 1 and without the load 
-25 
-20 
-15 
-10 
-5 
0 
5 
10 
15 
20 
25 
30 
10 30 50 70 90 110 130 150 170 
V
o
lt
ag
e
 c
h
an
ge
 Δ
U
 (
kV
) 
Length (km) 
simulated ΔU 
ΔU eq. 1 
ΔU eq. 2 
ΔU eq. 3 
ΔU eq. 4 
 46 
 
From the deviation Table 14, we observe the most accurate equations. For short lengths, 
the equations are all significantly accurate. Voltage drop equation 4 is the most accurate 
one. It is also accurate when the longer lengths begin. 
Length 
(km) 
Deviation 
ΔU eq. 1 
(%) 
Deviation 
ΔU eq. 2 
(%) 
Deviation 
ΔU eq. 3 
(%) 
Deviation 
ΔU eq. 4 
(%) 
10 0,14 0,04 0,14 0,00 
20 0,54 0,16 0,54 0,00 
30 1,21 0,37 1,21 0,00 
40 2,17 0,65 2,17 0,00 
50 3,35 1,01 3,37 0,00 
60 4,77 1,44 4,82 0,00 
70 6,57 1,97 6,62 0,01 
80 8,28 2,52 8,48 0,01 
90 10,62 3,20 10,84 0,02 
100 12,96 3,90 13,31 0,03 
110 15,49 4,66 16,03 0,04 
120 18,22 5,48 18,99 0,06 
130 21,13 6,35 22,19 0,09 
140 24,22 7,26 25,62 0,12 
150 27,47 8,21 29,29 0,17 
160 30,88 9,19 33,19 0,22 
Table 14: Simulation and calculation results for cable 1 without the load 
Cable 2 
 
Figure 27: Voltage change with cable 2 and without the load 
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In Figure 27, we can notice that there is a voltage rise at shorter lengths and a voltage drop 
with the transmission line getting longer. This occurs because with longer lengths, there is 
more capacitance. With cable 2, there is so much capacitance that at the length when the 
voltage drop occurs, the cable starts acting like a load. That means it is drawing a high 
charging current. 
The equation that follows the simulated voltage drop the most is Voltage drop equation 2. 
Length 
(km) 
Deviation 
ΔU eq. 1 
(%) 
Deviation 
ΔU eq. 2 
(%) 
Deviation 
ΔU eq. 3 
(%) 
Deviation 
ΔU eq. 4 
(%) 
10 0,46 0,04 0,46 0,00 
20 1,81 0,17 1,81 0,00 
30 4,03 0,37 4,06 0,02 
40 7,10 0,62 7,17 0,05 
50 11,26 0,94 11,29 0,13 
60 15,54 1,24 15,87 0,27 
70 21,41 1,56 21,68 0,51 
80 27,43 1,82 27,95 0,87 
90 33,92 1,98 34,81 1,39 
100 42,09 2,04 42,87 2,16 
110 51,03 1,93 51,60 3,19 
120 58,62 1,58 59,82 4,46 
130 68,34 1,01 69,27 6,13 
140 78,33 0,18 78,91 8,15 
150 91,63 0,91 90,15 10,70 
160 101,98 2,20 99,78 13,40 
Table 15: Simulation and calculation results for cable 2 without the load 
The Overhead Line 
From Table 16, we observe the deviations of the equations. 
Length 
(km) 
Deviation 
ΔU eq. 1 
(%) 
Deviation 
ΔU eq. 2 
(%) 
Deviation 
ΔU eq. 3 
(%) 
Deviation 
ΔU eq. 4 
(%) 
10 0,02 0,01 0,02 0,00 
20 0,08 0,03 0,08 0,00 
30 0,19 0,06 0,19 0,00 
40 0,33 0,11 0,33 0,00 
50 0,52 0,17 0,52 0,00 
60 0,75 0,25 0,75 0,00 
70 1,03 0,34 1,02 0,00 
80 1,32 0,44 1,32 0,00 
90 1,67 0,55 1,67 0,00 
 48 
 
Length 
(km) 
Deviation 
ΔU eq. 1 
(%) 
Deviation 
ΔU eq. 2 
(%) 
Deviation 
ΔU eq. 3 
(%) 
Deviation 
ΔU eq. 4 
(%) 
100 2,06 0,68 2,07 0,00 
110 2,50 0,82 2,51 0,00 
120 2,98 0,98 2,99 0,00 
130 3,51 1,15 3,51 0,00 
140 3,99 1,32 4,03 0,00 
150 4,59 1,52 4,64 0,00 
160 5,23 1,72 5,28 0,00 
Table 16: Simulation and calculation results for the overhead line without the load 
The most accurate equation is, again, Voltage drop equation 4. But in this case, compared 
to the cable calculations, the other equations are close up to 60 km. 
 
Figure 28: Voltage change with the overhead line and without the load 
The same transmission line is used as in the case with the load, so is the line, which was 
designed for 200 kV. 
6.2.6 The Interpretation of the Results 
The results of the calculations with Voltage drop equation 4, which includes capacitance, 
are, in most cases, the most accurate. The problem with this equation is that we would need 
the data from the offshore side of the cable, so we cannot use it. 
Voltage regulation would need the difference to be between 0 and 0,5 % at 160 km of the 
cable, so that equations could be used as our solution because in the original model, Cable 
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1 is 160 km long. The required voltage band for voltage regulation is  1 %, hence any 
deviations of more than 0,5 % in the calculations are not acceptable. Even the calculations 
with Voltage drop equation 4 are not that accurate. None of the equations provides us with 
suitable results. 
We can notice that Voltage drop equation 1 would be more accurate if it included voltage at 
the beginning of the line, instead of the nominal voltage. Voltage at the line may not always 
be the same as the nominal voltage. The equation is not adjusted to voltage changes. In our 
case, the transformer can increase voltage. The assumption that there is always a nominal 
voltage at the beginning of the line contributes to this equation’s difference. 
We calculated how much more accurate the equation is if we use the voltage values that we 
get at the transformer. Calculations were done for Cable 1 with the load situation. We can 
observe from Table 17 that the calculation with voltage values at transformer side changes 
the results calculated with nominal voltage. But the change is not crucial and Voltage drop 
equation 1 would still make too much difference. 
Length 
(km) 
Deviation ΔU eq. 1 
- calculation with 
nominal voltage 
(%) 
Deviation ΔU eq. 1 - 
calculation with voltage 
at the beginning of the 
cable 
(%) 
Absolute 
difference 
between 
calculations 
(%) 
10 0,15 0,14 0,01 
20 0,30 0,28 0,03 
30 0,50 0,44 0,06 
40 0,75 0,65 0,10 
50 1,09 0,94 0,15 
60 1,55 1,34 0,21 
70 2,17 1,88 0,28 
80 2,98 2,61 0,37 
90 3,74 3,38 0,36 
100 4,98 4,50 0,48 
110 6,52 5,90 0,62 
120 7,75 7,16 0,59 
130 9,86 9,09 0,77 
140 12,36 11,38 0,98 
150 14,11 13,20 0,92 
160 17,32 16,14 1,18 
Table 17: Comparison of equation 1 calculated with different voltage values 
From the deviation tables, we can notice that deviation enlarges with the length, so the 
mistake the equations produce is greater. Also, the deviation with the same equation is 
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different if we change the transmission line data. The deviation is also changed when the 
load is changed. The accuracy of the equations depends on the data we use, so not every 
equation is suitable for any voltage drop calculation. 
Throughout the research, we noticed that equations can be more or less reliable. This is 
expected, since no equation can capture every transmission line characteristic. Our 
equations do not match the physical construction of the transmission line. For example, 
voltage drop equations 1, 2 and 3 use only R and X in calculation. Those are just two 
characteristics of transmission line. Some equations describe the transmission line better 
and they use more details, for instance Voltage drop equation 4, which uses capacitance as 
well. These equations are usually more accurate.  
The calculations work for short distances and in a network that can tolerate bigger mistakes 
of the equations. 
6.3 The PQ Method 
The PQ method is based on the measurements we can do with a working connection 
onshore – offshore. The idea is to make tables when the connection works and when there 
is a fault in the connection to the measurements, voltage can be regulated with the help of 
these tables. 
The goal was to make a graph that would point us to the correct tap position based on the 
measurements of active and reactive power onshore. 
6.3.1 Results and Discussion 
Simulations were performed with a working communication between the tap changer and 
the offshore voltage measurements for various load conditions. For the transmission line, we 
used Cable 1, described in the previous chapter. The length of the cable was set to 160 km 
between the source and the consumption. We observed the load flow at the beginning of the 
cable and the correct tap position for each load. That means that the offshore voltage was 
between 99 % and 101 % of the nominal voltage. We have an example of the load data (for 
loads with         ) and simulation results in the table: 
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Load 
Power flow at the 
beginning of the 
cable 
Tap 
position 
P Q P Q T 
[MW] [Mvar] [MW] [Mvar] [/] 
55,00 41,25 -59,28 38,82 5 
54,00 40,50 -58,28 36,76 4 
53,00 39,75 -57,01 39,55 4 
52,00 39,00 -55,77 42,21 4 
51,00 38,25 -54,75 40,25 3 
50,00 37,50 -53,53 42,82 3 
49,00 36,75 -52,50 40,95 2 
48,00 36,00 -51,29 43,42 2 
47,00 35,25 -50,11 45,79 2 
46,00 34,50 -49,07 44,01 1 
45,00 33,75 -47,90 46,30 1 
Table 18: Load data and load flow simulation results 
In Table 18, we can observe which tap position belongs to a certain load.  
We did the simulations for various load conditions and the obtained tap positions were 
between -2 and 5.  
 
Figure 29: Diagram presenting the problem with a lost connection 
For an explanation of the following simulations, we can use Figure 29. At the beginning, we 
operate with normal operations of the tap changer. We obtain the onshore transformer tap 
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position    for the offshore load condition        and       . But for the PQ method, we also 
observe the power flow at the beginning of the cable, which is, in this case,         and 
       . 
The tap position remains unchanged when the connection between the tap changer and the 
measurement of the offshore voltage is lost. After losing communication, the load conditions 
can change from        and        to        and       . Correspondingly,         and         
change to          and         after the connection is lost. The tap position is still the same 
as before (  ) because the tap changer cannot react. That means that the offshore voltage 
is not necessarily within the predefined limits. 
In order for us to know what power flow we will get at the beginning of the cable (       , 
       ) in this scenario, we have to simulate loads        and        at the tap position     
although this tap position is not the correct tap position for load scenarios        and       . 
We simulated all of our loads and we got tap positions between -2 to 5 before the 
connection was lost. Therefore, we need to simulate new load conditions with the tap 
positions from -2 to 5. 
 
Figure 30: Simulated load flows with the fixed tap position 5 
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In the Figure 30, we see the example for tap position 5. These are simulated load flows at 
the beginning of the cable for every load at the fixed tap position 5.  
After all the simulations, we needed to connect the power flows at the beginning of the cable 
to the correct tap positions that belong to the loads behind the power flows. We knew all the 
correct tap positions for all the loads from the first simulations we did when the connection 
between onshore and offshore was working.  
For instance, we assume the load is the same as in Table 19. 
P [MW] Q [MVAr] 
55 26,64 
Table 19: Example of a load scenario 
With this load, we simulated 8 different situations (changing the tap position) and observed 
the power flow at the beginning of the cable. 
Pcable Qcable 
Fixed  
tap 
position 
[MW] [Mvar] [/] 
-60,05 37,74 -2 
-59,82 42,03 -1 
-59,62 46,27 0 
-59,45 50,45 1 
-59,32 54,6 2 
-59,2 58,76 3 
-59,11 62,93 4 
-59,04 67,13 5 
Table 20: Power flow for the example of a load scenario at the fixed tap positions 
Now, we need to assign the correct tap position for all these load flows at the beginning of 
the cable which, in this case, is 1. So, when we look at those different power flows, we will 
know that all belong to the same load and that it needs tap position 1 if we want the voltage 
offshore to be within the correct limits. 
In Figure 31, we can see this done for all the power flows we got at fixed tap position 5.  
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Figure 31: Simulated load flows with the fixed tap position 5 and a presentation of correct tap positions 
We will now focus on the operating point we called “Example -2”. “Example -2” is the 
operating point we got from simulating load       ,             at the fixed tap 
position 5. In case of a lost connection with the offshore voltage measurements, we check 
Figure 31 and we can see that the tap position should have been -2. We use this graph to 
find the correct tap position when the tap position is 5 at the point of the lost connection. 
Simulations were made for 121 different loads. For P to go from 45 to 55 MW in step size of 
1 MW and          to go from 0,8 to 0,9 for step size 0,01. Q of the load was calculated 
from     . During the simulations, we noticed 8 possible tap positions for these loads. The 
graph for the constant tap position 5 is shown Figure 31. 
6.3.1.1 Finding the Correct Tap Position 
After we did the simulations, we had to organize the results in tables and graphs, so the 
search for the correct tap position is easy. To find voltage regulation in the tables, it is 
necessary to follow instructions presented in Figure 32. 
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When communication with voltage measurements is lost and the power flow along the cable 
changes, we can find that operating point in our table. Based on this operating point, we can 
find the correct tap position because we did simulations with a working communication and 
we saved the correct data of the tap position in our table. 
 
Figure 32: Procedure of finding the correct tap position 
6.3.1.2 Interpretation of the Results 
We tested the method with various loads. In the beginning, with the working communication 
onshore – offshore, the load was set to        and            . The correct tap 
position for this load is 5; in that order, the voltage at the offshore load is in 99 % - 101 %. 
The simulation results are presented in the table: 
Pload Qload 
Tap 
position 
Pcable Qcable Uonshore Uoffshore 
[MW] [Mvar] [/] [MW] [Mvar] [kV] [kV] 
55 41,25 5 -59,28 38,82 110,63 100,88 
Table 21: Example of of a simulation for Pload, Qload at tap position 5 
We assumed that a fault would happen when this load is set at the offshore load, so we set 
the transformers to have the constant tap position 5. Simulation results are presented in 
APPENDIX. Then we changed the load to        and            . The simulation 
gave us the results we see in the table: 
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Pload2 Qload2 
Tap 
position 
Pcable2 Qcable2 Uonshore Uoffshore 
[MW] [Mvar] [/] [MW] [Mvar] [kV] [kV] 
50 30,99 5 -53,26 63,56 108,84 109,58 
Table 22: Example of a simulation for Pload2 and Qload2 at tap position 5 
The offshore voltage is over the limit, so we had to search for the correct tap position in 
Figure 33. The simulated load in the figure is presented with its power flow at the beginning 
of the cable (Pcable and Qcable) as OP1 – operating point 1. 
 
Figure 33: Example of finding the correct tap position for the operating point 1 – OP1 
As we can observe from Figure 33, this operating point is in the purple area. That points us 
towards tap position 1. This tap position should keep voltage at the load within 
predetermined limits. So, we set the transformers to tap position 1 and the offshore voltage 
was within the correct limits. 
 Set tap 
position 
Uoffshore 
[/] [kV] 
1 99,86 
Table 23: Result of using the PQ method 
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We tested the method with another three loads presented in Table 24 and Figure 34. When 
looking at the results, we should pay attention to Uoffshore. The offshore voltage value 
changes to 99 kV – 101 kV. This is the voltage range we need at the load side of the 
network. 
 
Figure 34: Confirming the PQ method with different loads 
 
Name 
Load tap 
U 
onshore 
Cable 
U 
offshore 
Set tap 
position 
U 
offshore 
Does 
the 
method 
work? 
P Q T P Q 
OP2 45,00 30,24 5 113,89 -47,73 68,41 111,69 0 99,99 Yes 
OP3 54,00 27,67 5 113,58 -57,87 66,17 109,93 1 100,16 Yes 
OP4 49,00 23,73 5 114,67 -52,49 76,33 113,67 -1 99,8 Yes 
Table 24: Results of testing the method with different loads 
Based on the tests we did with some of the loads, we concluded that this method is accurate 
for the cases we investigated. 
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6.3.1.3 The advantages and Disadvantages of the PQ Method 
The PQ method is time consuming to do. To form the tables and graphs, we need to do a lot 
of simulations. We did 121 scenarios of different loads. In order for the method to work for 
all conditions, we would have to take into account a lot more load scenarios. Also, we set 
the shunt reactor to one operating point. We would have to consider all the operating points 
of the shunt reactor if we wanted to use the PQ method, and include the shunt reactor and 
its different operating conditions. In this case, the number of required simulations can easily 
exceed 1000 cases. For example, if we consider all loads (121), all possible tap positions of 
the shunt reactor (5) and all possible tap positions of the transformers (33), we get       
         of cases. But once we have the tables, the PQ method works quickly. We would 
need a program that can process and compare the measurements of P and Q at the 
transformer and search for the correct tap position in the tables. 
We can see from Figure 34 that there is an area that one tap position forms. For a good 
operation of the method, we would need to establish clear borders between these areas. We 
would need to do simulations with the least powerful load that is used and use it as a step 
size. This way, we could get all the possible load changes at the offshore load. The results 
would show us clearer borders between the areas. 
6.4 Conclusions 
6.4.1 Line drop compensation 
The compensation method makes too much difference for our network. 
6.4.2 Voltage drop calculations 
The same equation shows differing accuracy with different transmission lines. All depends 
on the data, the length of the line and the load at the end. 
Overall, the equations are the closest to the simulation in the case of the overhead line from 
all of our simulated data.  
We cannot calculate a voltage drop in the cable accurately enough with the presented 
equations. The equations are more suitable for calculations at shorter lengths and in cases 
where we do not need such small voltage control – 99 % to 101 % of the nominal voltage. 
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6.4.3 The PQ method 
For the researched case, the PQ method provides us with accurate results. 
Options in case of a lost connection between the measurements offshore and the 
transformer’s controller are limited. Based on our results, we concluded that the PQ method 
would be the best solution.  
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8 APPENDIX 
A The PQ Method Simulation Results 
Table 25 presents simulation results for the simulation with all the loads with the fixed tap 
position 5. These are the simulations made for a situation where we lose the connection with 
voltage values at the load side. 
In the last column, there is the data of the correct tap position. Simulations for this data were 
made with the same loads, as was the case with the first simulation, but this time, the 
communication between voltage values and the transformers’ tap regulators was working. 
Voltage value at the load side in these simulations was always between 99 % - 101 % of the 
nominal voltage. 
 
Figure 35: Presentation of simulation values 
Figure 35 presents the location in the model where the data was monitored. 
P load Q load 
fixed tap 
position 
P cable Q cable U transf U load 
correct tap 
position 
[MW] [Mvar] [/] [MW] [Mvar] [kV] [kV] [/] 
45,00 23,05 5,00 -48,15 79,94 115,07 115,24 -2,00 
45,00 21,79 5,00 -48,25 81,88 115,27 115,82 -2,00 
46,00 22,28 5,00 -49,30 80,53 115,13 115,30 -2,00 
45,00 27,89 5,00 -47,84 72,29 114,29 112,90 -1,00 
45,00 26,70 5,00 -47,91 74,21 114,49 113,49 -1,00 
45,00 25,50 5,00 -47,98 76,12 114,68 114,07 -1,00 
45,00 24,29 5,00 -48,06 78,03 114,88 114,66 -1,00 
46,00 27,29 5,00 -48,97 72,60 114,31 112,88 -1,00 
46,00 26,07 5,00 -49,04 74,58 114,52 113,48 -1,00 
46,00 24,83 5,00 -49,12 76,55 114,72 114,09 -1,00 
46,00 23,57 5,00 -49,20 78,53 114,92 114,69 -1,00 
47,00 26,64 5,00 -50,11 73,01 114,35 112,88 -1,00 
47,00 25,37 5,00 -50,18 75,05 114,56 113,51 -1,00 
47,00 24,08 5,00 -50,26 77,09 114,77 114,14 -1,00 
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P load Q load 
fixed tap 
position 
P cable Q cable U transf U load 
correct tap 
position 
[MW] [Mvar] [/] [MW] [Mvar] [kV] [kV] [/] 
47,00 22,76 5,00 -50,35 79,15 114,98 114,77 -1,00 
48,00 25,91 5,00 -51,25 73,52 114,39 112,92 -1,00 
48,00 24,59 5,00 -51,33 75,63 114,61 113,57 -1,00 
48,00 23,25 5,00 -51,42 77,75 114,83 114,22 -1,00 
49,00 25,10 5,00 -52,40 74,13 114,45 113,00 -1,00 
49,00 23,73 5,00 -52,49 76,32 114,67 113,67 -1,00 
50,00 24,22 5,00 -53,56 74,87 114,51 113,11 -1,00 
45,00 31,41 5,00 -47,68 66,44 113,68 111,08 0,00 
45,00 30,24 5,00 -47,73 68,41 113,89 111,69 0,00 
45,00 29,07 5,00 -47,78 70,36 114,09 112,30 0,00 
46,00 30,91 5,00 -48,81 66,60 113,69 111,01 0,00 
46,00 29,71 5,00 -48,85 68,62 113,90 111,64 0,00 
46,00 28,51 5,00 -48,91 70,62 114,11 112,26 0,00 
47,00 30,36 5,00 -49,93 66,84 113,71 110,97 0,00 
47,00 29,13 5,00 -49,98 68,91 113,93 111,61 0,00 
47,00 27,89 5,00 -50,04 70,97 114,14 112,25 0,00 
48,00 29,75 5,00 -51,07 67,17 113,74 110,95 0,00 
48,00 28,48 5,00 -51,12 69,30 113,96 111,62 0,00 
48,00 27,20 5,00 -51,18 71,41 114,17 112,27 0,00 
49,00 29,07 5,00 -52,21 67,59 113,77 110,96 0,00 
49,00 27,77 5,00 -52,26 69,78 114,00 111,65 0,00 
49,00 26,45 5,00 -52,33 71,96 114,22 112,32 0,00 
50,00 28,34 5,00 -53,35 68,11 113,81 111,01 0,00 
50,00 26,99 5,00 -53,41 70,36 114,05 111,71 0,00 
50,00 25,62 5,00 -53,48 72,61 114,28 112,41 0,00 
51,00 27,53 5,00 -54,50 68,73 113,87 111,08 0,00 
51,00 26,13 5,00 -54,57 71,05 114,11 111,81 0,00 
51,00 24,70 5,00 -54,64 73,39 114,35 112,53 0,00 
52,00 26,64 5,00 -55,66 69,46 113,94 111,20 0,00 
52,00 25,18 5,00 -55,73 71,87 114,19 111,95 0,00 
53,00 25,67 5,00 -56,83 70,32 114,02 111,35 0,00 
45,00 33,75 5,00 -47,61 62,40 113,26 109,81 1,00 
45,00 32,58 5,00 -47,64 64,43 113,48 110,45 1,00 
46,00 34,50 5,00 -48,70 60,35 113,04 109,04 1,00 
46,00 33,30 5,00 -48,73 62,47 113,26 109,71 1,00 
46,00 32,11 5,00 -48,76 64,55 113,48 110,37 1,00 
47,00 34,03 5,00 -49,83 60,46 113,04 108,95 1,00 
47,00 32,81 5,00 -49,86 62,62 113,27 109,64 1,00 
47,00 31,58 5,00 -49,89 64,75 113,49 110,31 1,00 
48,00 33,50 5,00 -50,96 60,64 113,05 108,89 1,00 
48,00 32,26 5,00 -50,99 62,85 113,28 109,59 1,00 
48,00 31,00 5,00 -51,02 65,03 113,51 110,28 1,00 
49,00 32,93 5,00 -52,09 60,91 113,07 108,86 1,00 
49,00 31,65 5,00 -52,12 63,16 113,31 109,57 1,00 
49,00 30,37 5,00 -52,16 65,39 113,54 110,27 1,00 
50,00 32,30 5,00 -53,23 61,26 113,10 108,85 1,00 
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P load Q load 
fixed tap 
position 
P cable Q cable U transf U load 
correct tap 
position 
[MW] [Mvar] [/] [MW] [Mvar] [kV] [kV] [/] 
50,00 30,99 5,00 -53,26 63,57 113,34 109,58 1,00 
50,00 29,67 5,00 -53,30 65,85 113,58 110,30 1,00 
51,00 31,61 5,00 -54,37 61,70 113,13 108,87 1,00 
51,00 30,26 5,00 -54,41 64,06 113,38 109,62 1,00 
51,00 28,90 5,00 -54,45 66,40 113,63 110,35 1,00 
52,00 30,85 5,00 -55,52 62,23 113,18 108,92 1,00 
52,00 29,47 5,00 -55,56 64,66 113,44 109,68 1,00 
52,00 28,07 5,00 -55,60 67,06 113,69 110,44 1,00 
53,00 30,04 5,00 -56,67 62,87 113,24 109,00 1,00 
53,00 28,61 5,00 -56,71 65,36 113,50 109,79 1,00 
53,00 27,15 5,00 -56,76 67,84 113,76 110,57 1,00 
54,00 29,15 5,00 -57,83 63,61 113,31 109,12 1,00 
54,00 27,67 5,00 -57,87 66,18 113,58 109,93 1,00 
54,00 26,15 5,00 -57,93 68,74 113,84 110,74 1,00 
55,00 28,18 5,00 -58,99 64,47 113,39 109,27 1,00 
55,00 26,64 5,00 -59,04 67,13 113,66 110,11 1,00 
47,00 35,25 5,00 -49,81 58,26 112,81 108,25 2,00 
48,00 36,00 5,00 -50,93 56,10 112,57 107,44 2,00 
48,00 34,75 5,00 -50,94 58,40 112,81 108,18 2,00 
49,00 36,75 5,00 -52,07 53,88 112,32 106,60 2,00 
49,00 35,48 5,00 -52,07 56,27 112,58 107,37 2,00 
49,00 34,20 5,00 -52,07 58,61 112,83 108,12 2,00 
50,00 36,20 5,00 -53,21 54,09 112,34 106,55 2,00 
50,00 34,90 5,00 -53,20 56,53 112,60 107,33 2,00 
50,00 33,60 5,00 -53,21 58,92 112,85 108,10 2,00 
51,00 35,60 5,00 -54,34 54,38 112,36 106,52 2,00 
51,00 34,27 5,00 -54,34 56,87 112,62 107,32 2,00 
51,00 32,94 5,00 -54,35 59,30 112,88 108,10 2,00 
52,00 34,94 5,00 -55,48 54,76 112,39 106,52 2,00 
52,00 33,59 5,00 -55,48 57,29 112,66 107,34 2,00 
52,00 32,23 5,00 -55,50 59,78 112,92 108,13 2,00 
53,00 34,23 5,00 -56,63 55,22 112,43 106,55 2,00 
53,00 32,85 5,00 -56,63 57,81 112,70 107,38 2,00 
53,00 31,45 5,00 -56,64 60,35 112,97 108,20 2,00 
54,00 33,47 5,00 -57,78 55,78 112,48 106,61 2,00 
54,00 32,04 5,00 -57,78 58,42 112,76 107,46 2,00 
54,00 30,60 5,00 -57,80 61,03 113,04 108,29 2,00 
55,00 32,64 5,00 -58,93 56,44 112,54 106,70 2,00 
55,00 31,17 5,00 -58,94 59,15 112,83 107,57 2,00 
55,00 29,69 5,00 -58,96 61,82 113,11 108,43 2,00 
50,00 37,50 5,00 -53,22 51,59 112,07 105,74 3,00 
51,00 38,25 5,00 -54,39 49,23 111,81 104,84 3,00 
51,00 36,92 5,00 -54,36 51,84 112,09 105,69 3,00 
52,00 37,65 5,00 -55,53 49,51 111,83 104,81 3,00 
52,00 36,30 5,00 -55,50 52,17 112,11 105,68 3,00 
53,00 36,99 5,00 -56,67 49,88 111,86 104,81 3,00 
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P load Q load 
fixed tap 
position 
P cable Q cable U transf U load 
correct tap 
position 
[MW] [Mvar] [/] [MW] [Mvar] [kV] [kV] [/] 
53,00 35,62 5,00 -56,64 52,58 112,15 105,69 3,00 
54,00 36,29 5,00 -57,82 50,34 111,90 104,83 3,00 
54,00 34,88 5,00 -57,79 53,09 112,19 105,73 3,00 
55,00 35,53 5,00 -58,96 50,89 111,95 104,89 3,00 
55,00 34,09 5,00 -58,94 53,69 112,25 105,81 3,00 
52,00 39,00 5,00 -55,58 46,78 111,53 103,91 4,00 
53,00 39,75 5,00 -56,79 44,24 111,25 102,94 4,00 
53,00 38,37 5,00 -56,72 47,11 111,56 103,89 4,00 
54,00 40,50 5,00 -58,02 41,59 110,95 101,93 4,00 
54,00 39,10 5,00 -57,93 44,61 111,28 102,94 4,00 
54,00 37,69 5,00 -57,86 47,52 111,59 103,91 4,00 
55,00 39,82 5,00 -59,16 42,00 110,98 101,95 4,00 
55,00 38,39 5,00 -59,07 45,06 111,31 102,97 4,00 
55,00 36,96 5,00 -59,01 48,02 111,64 103,95 4,00 
55,00 41,25 5,00 -59,28 38,82 110,63 100,88 5,00 
Table 25: Simulation results for the PQ method 
